A high-speed compact silicon modulator based on the lateral capacitor configuration is experimentally demonstrated with low-power consumption and 3 dB modulation depth. The capacitor layout is introduced to scale down the total modulator capacitance to 30ϫ 10 −15 F, which effectively reduces the rf power consumption to 0.54 pJ/ bit. Exploiting the slow group velocity of light in the slot photonic crystal waveguides, the device reported herein exhibits higher modulation efficiency than conventional capacitor modulator and provides a V L figure of merit of 0.18 V cm at the wavelength of 1548 nm.
As one of the principal components required for composing silicon integrated photonic circuits, highspeed silicon modulators have continued to evolve with significant performance improvement over the past few years [1] [2] [3] [4] [5] [6] [7] . High-frequency performance and power consumption are generally considered among the most important characteristics of monolithically integrated silicon modulators for optical interconnects [7] . One of the most widely employed modulation mechanisms is based upon free-carrier electro-optic (EO) effect [8] induced by carrier injection and extraction in the intrinsic region of a forward-biased silicon p-i-n diode device [5, 7] . The modulation speed of charge-injection-based silicon modulators is limited by the slow recombination dynamics of minority carriers [9] . Capacitor-embedded silicon modulators open the opportunities for excluding the recombination lifetime limit by involving carrier accumulation process and minimizing recombination of electron-hole pairs [1] . However, the low modulation efficiency of conventional capacitorembedded silicon modulators restricts their application in highly integrated ultracompact optical interconnect systems. As a potential solution for efficiency enhancement in active waveguide devices, photonic crystal waveguides (PCW) have shown the capability to guide light with lower group velocity and thereby improve the interaction of the light wave and the applied voltage in the active region [10] . Here we present a compact capacitor-embedded silicon modulator with ultralow power consumption by exploiting the slow-light effect in slot PCW [11] .
Silicon EO modulators in highly integrated on-chip systems always require an optimum design with low power consumption [12] . It has been reported that the rf power for multigigahertz switching in a p-i-n diode modulator is higher than 5 pJ/ bit, i.e., 50 mW at 10 GHz. In contrast, the rf power required by a capacitor modulator is given by P AC = CV 2 / 2 / bit [13] , where V is the voltage amplitude of an rf pulse signal. We may design a capacitor modulator with either small capacitance or ultralow driving voltage in order to minimize the ac power consumption. Photoniccrystal-based structures are capable of shrinking the device interaction length to hundreds of micrometers and the device height to hundreds of nanometers [10] , which scales down the dielectric area of the lateral capacitor in a slotted waveguide and thereby significantly reduces the overall capacitance.
The silicon modulator presented here is a MachZehnder interferometer (MZI) based on lateral capacitor-embedded PCW, as shown in Fig. 1(a) . The waveguide comprises a p-type doped silicon photonic crystal slab with a center slot working as the vertical gate oxide. Under accumulation conditions ͑V Ͼ 0͒, the majority carriers in the positive-x silicon region, defined in Fig. 1(a) , modify the refractive index so that phase shift is induced in the optical mode. Compared with conventional capacitor-embedded silicon rib waveguides [2] , the optical mode as indicated in Fig. 1(a) is more tightly confined within 1 m perpendicular to the capacitor dielectric and thus interacts more strongly with the accumulated charges. The calculated dispersion diagram shown in Fig. 1(b) indicates slow-light effect at the band edge of the defect mode.
For accurate understanding of the carrier distribution, which determines the refractive index perturbation in the silicon PCW, the Poisson equation is solved by applying the classical model [14] . The calculated profile of the hole carriers under different driving voltages is shown in Fig. 2(a) . At steady state the diffusion current due to the gradient of the hole concentration is compensated by the opposite drift current so that the total dc current is negligible. Each hole carrier profile is converted into the index change through an empirical equation of ⌬n h = −8.5 ϫ 10 −18 ͑p − p 0 ͒ 0.8 [8] , as shown in Fig. 2(b) . We use the plane-wave expansion method to calculate the dispersion diagram of the slot PCW with different index perturbations and derive the phase shift by ⌬ PC = ⌬ 0 L / v g , where ⌬ 0 is the vertical shift of the dis-persion curve shown in Fig. 1(b) [15] and v g is the group velocity of the defect mode. Calculation indicates that the slot PCW-based active arm, designed to give v g = c / 100 with 300 m interaction length required for inducing phase shift, composes a compact capacitor-embedded silicon modulator with a V L product of 0.18 V cm.
The capacitor-embedded PCW MZI modulator is fabricated on a silicon-on-insulator wafer with a 250 nm top silicon layer. The slot nanostructures are formed in a hexagonal lattice photonic crystal slab with a lattice constant a = 400 nm and a hole diameter d = 220 nm. The waveguide slab layer is patterned by electron-beam lithography and reactive ion etching, followed by growing thin thermal oxide up to 10 nm for surface passivation. p − and p + regions are defined using photolithography and implanted to the concentration N A ͑p − ͒ =2ϫ 10 17 cm −3 and N A ͑p + ͒ =5 ϫ 10 19 cm −3 , respectively. The contact windows are opened by a third photolithography process, and aluminum electrodes are formed by a lift-off process. As the last step, we fill the air holes and the center slot with spin-on-glass, and postbake the sample at 425°C for decarbonization [11] . The overall modulator schematic and images of the resulting device are shown in Fig. 3 . A tapering mode coupler with a skew slot [16] is integrated at both ends of the slot PCW in order to relieve the mode mismatch with the strip waveguide and to maintain the electrical isolation between the two regions separated by the slot. A dummy sample without the center slot is also fabricated to measure the equivalent series resistance. The total resistance between adjacent electrodes is about 120 ⍀. The compact waveguide design with the lateral capacitor layout provides significant reduction of the total capacitance from the conventional rib waveguide modulators [1, 2] , pushing it down to an experimentally confirmed value of 30 fF. Combined with the 120 ⍀ series resistance, the resistancecapacitance (RC) circuit has a time constant of 23 ps, On the other hand, the transit time for the light wave to propagate through the active region is given by t = L / v g = 100 ps, which indicates a 10 GHz frequency limitation for the switching bandwidth. An rf traveling-wave electrode is a feasible solution to copropagate both the electrical and optical signals with similar speeds and thus can overcome the limitations associated with the electrical RC delay and the transit time for light propagation.
TE-polarized light at a wavelength of 1548 nm is used for dc characterization of the MZI modulator. As shown in Fig. 4(a) , a maximum modulation depth of 90% is obtained at 6 V dc bias voltage. The leakage current during operation is below 200 pA, which indicates negligible dc power consumption ͓P DC = 1.2 nW͔. It is measured that the overall optical insertion loss of the modulator is approximately −40 dB fiber to fiber, dominated by the fiber-to-stripwaveguide coupling ͑−13 to − 15 dB/ port͒ and the strip-waveguide-to-PCW coupling (−5 dB/ port at v g = c / 100). It has been reported that the stripwaveguide-to-PCW coupling efficiency T is a function of the group velocity v g as T = 3.22͑c / v g ͒ −0.74 [10] . We make a trade-off between v g and T in order to obtain higher output intensity so that the high-speed photodetector provides gigahertz response. The light wavelength is tuned to 1551 nm to control the group velocity around v g = c / 50, as indicated in Fig. 1(b) also. A square-wave electrical signal having a peak-to-peak amplitude of 6 V and a duty cycle of 50% is used for high-frequency modulation characterization. The output optical intensity of the modulator at the bit rate of 1.6 Gbit/ s with 3 dB modulation depth is shown in Fig. 4(b) . As a critical characteristic, the rf power consumption, given by P AC = CV 2 / 2 / bit, is reduced to 0.54 pJ/ bit, which is one of the lowest values for any high-speed MZI silicon modulator obtained to date. The high-frequency modulation depth is limited by reduction of the group velocity and the degradation of the detector bandwidth due to low optical intensity.
In conclusion, a high-speed capacitor MZI modulator is demonstrated with ultralow power consumption of 0.54 pJ/ bit, which is desirable for highly integrated on-chip applications. With the enhancement of the modulation efficiency due to the slow-light effect in PCW, the interaction length of the device is scaled down to 300 m, which is 1 order of magnitude shorter than the most recent work based on capacitors [2] . As one benefit of the compact active region, the modulator provides a V L figure of merit of 0.18 Vcm at the wavelength of 1548 nm.
